ABSTRACT The effect of the winding connections on the static torque in six-phase switched reluctance motors (SRMs) is investigated in this paper. Different winding connections for the six-phase SRMs are shown and compared. Under the conditions of different winding connections, the self-inductance and mutual inductance of a six-phase SRM are compared and analyzed. Six-phase SRMs can be running in two-phase excitation mode and three-phase excitation mode, and in these two modes, the static torque characteristics with different poles polarities arrangements are compared and analyzed. The comparison of the static torque in a six-phase SRM with different winding connections is obtained by the Maxwell 2D and experiments. Based on the results, an optimal winding connection mode for starting stage of the six-phase SRMs is proposed.
I. INTRODUCTION
Switched Reluctance Motors (SRMs) have attracted much attention in various applications, including aircraft, electric vehicles, and household appliances, etc. [1] - [6] . This is mainly due to the following advantages: simple structure and low manufacturing cost, no winding or PMs in the rotor and high reliability, fault tolerance, low maintenance and resilience to harsh environment.
SRMs can be operated either as motors or generators by adjusting the commutation angles, and thus changing the direction of the electromechanical torque [7] . For this reason, SRMs can be used as starter/generators in aerospace and vehicle fields. A switched reluctance starter/generator system is researched in order to find a high efficiency and high power system for advanced fighter in [8] and [9] . Integrated starter/alternator (ISA) system is designed for electric vehicles in [10] , [11] . A novel segmented rotor SRM for
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belt-driven starter generator (BSG) system is designed and analyzed in [12] , [13] , the SRM worked as a motor to drive the engine to the rated speed, and then it will be worked as a generator to charge the battery. Starting performance is an important indicator to measure the superiority of the starter/generator system. The start-up time to drive the engine to the rated speed in the starter/generator system should be shorter, for example, the time in BSG system is several hundred milliseconds, and that means when the ratio of the starting torque to the current is larger, the performance is better.
To improve the performance of SRMs, a lot of researches have been carried out, including control methods, such as sensorless drive, direct torque control, continuous phase current excitation and bipolar excitation. The topology of SRMs is also adjusted in [14] - [17] . In conventional SRMs, the comparisons of winding connections are mainly concentrated on the windings of three-phase and four-phase SRMs. In [18] , the self-inductance and mutual inductance between the forward series connection and the reverse series connection in a three-phase SRM are studied, which shows that the self-inductance in forward series is greater than the one in reverse series. In [19] , [20] , the winding configuration of four phase SRM is compared, the measurement of the mutual inductance and the effect of the mutual inductance on the torque are given in these two papers. A new winding configuration for a six-phase SRM is proposed in [21] , the sixphase SRM is driven by a conventional three-phase full bridge converter, but the additional six diodes are necessary. The effects of the mutual-inductance on the torque and current in a six-phase SRM under different winding connections are indicated in [22] . Effect of winding connections on performance of a six-phase SRM is given in [23] , and the best choice for six-phase SRM is selected, however, the winding connection is not the best choice for the whole revs range.
The SRM in this paper is designed for the aero starter/ generator at high speed. Good starting performance and fault-tolerant performance are necessary in this area. Based on the requirement, the larger starting torque and lower torque ripple are needed in starting stage, and better fault-tolerant is needed in high speed. Different winding connection modes in a six-phase SRM are compared and analyzed. In order to illustrate the differences of the self-inductance and mutual inductance between these winding connections, ideal linear inductance model is used when the SRM runs in unsaturated region. When the SRM runs in saturated region, FEA method is used to obtain the inductance. Six-phase SRM can be run in two-phase excitation mode and three-phase excitation mode, the poles polarities arrangements of adjacent phases in these two modes are listed, the static characteristics with different poles polarities arrangements are analyzed and compared. Different winding connections are composed by different poles polarities arrangements, the static torque generated by different winding connections is compared. The results are given and verified by the simulation and experiment on the six-phase SRM.
II. WINDING CONNECTIONS AND ITS MAGNETIC DISTRIBUTION
Different winding connections can result in various poles polarities arrangements, the possible connections in the six-phase 12/10 SRM are shown in figure 1. Magnetic poles polarities N and S are defined as shown in figure 1(a) , for example, poles polarities of stator poles A 1 , B 1 is N and S. To explain, the name of the winding connections are simplified. For example, NS mode is the situation when the arrangements of stator poles polarities is NSNSNSNSNSNS as shown in figure.1 (a) , and the rest of the winding connections are shown in figure. 1(c) ∼ figure.1 (f) . Based on the difference of poles polarities arrangements in one phase, the winding connections of the conventional SRM can be divided into two types: reverse series and forward series [18] , [22] . In reverse series connections, the polarity of stator poles in the same phase are the same, for example, the polarity of poles A 1 and A 2 in phase A is N which is shown in figure. 1 (a) ∼ figure.1 (c) . In forward series connections, the polarity of the poles in the same phase is different, for example, the polarity of pole A 1 and A 2 is N and S which is shown in figure. 1 (d) ∼ figure.1 (f) .
In one-phase excitation mode, the magnetic fields distribution of these two kinds of winding connections are shown in figure. 2 (a) and figure.2 (b) , and the magnetic field distributions are different in these two winding connection types. In reverse series connection, when phase A is excited, the magnetic flux flows down the stator pole A 1 , due to the same polarity of poles A 1 and A 2 , the flux through the rotor yoke and returns via the adjacent stator poles. The flux path in reverse series is short path, and that means the mutual coupling will be occurred between phases, and also, fault tolerance will be reduced. In forward series connection, when phase A is excited, the magnetic flux flows down the stator pole A 1 , and return via the stator pole A 2 , and that means a closed flux loop is formed between two poles in phase A, and that means the flux path in forward series is long path. Also, the flux linked to neighbor phases is less, and that means the mutual inductance between adjacent phases is smaller in forward series connection. The magnetization curves of the SRM are shown in figure. 2 (c) and figure.2 (d) , it can be seen that the SRM which is connected in forward series connection is easily to be saturated. For the convenience of comparing with different winding connections in the SRM, the winding of each phase is connected outside of the experimental motor. The mechanical parameters of the studied SRM are summarized in Table 1 .
III. COMPARISONS OF SELF-INDUCTANCE AND MUTUAL INDUCTANCE
To simply analyze the self-inductance of the experimental SRM with different winding connections, the self-inductance of the motor under unsaturated conditions can be analyzed to illustrate the features, and the ideal linear inductance model can be employed under this condition. FEA method can be used to obtain the self-inductance and mutual inductance of the SRMs when the SRMs run in magnetic saturated region, and the results will be shown in the following sections.
When the SRM operates under magnetic unsaturated region, the ideal linear inductance of one phase can be shown as figure 3. L min and L max are the minimum and maximum values of the phase inductance, once these two values are confirmed, the shape of the phase inductance can be obtained. The magnetic circuit model for SRMs can be used to calculate the maximum and minimum self-inductance of the motor.
The basic characteristics of SRMs can be expressed as following equations: where L is the phase inductance, N is turn number per phase, Rm is reluctance. For the comparison is completed in the same motor, N is the same in the comparison of these winding connections, and when one phase is excited in the same dc current, the MMF (magnetic motive force) is same. Based on the above analysis, it can be seen that the ratio of the inductance is inversely proportional to the ratio of the reluctance. When the rotor position is under aligned rotor position as shown in figure 2 , the magnetic circuit models of two winding connections can be shown in figure 4 . Where, F A1 and F A2 are the MMF of stator poles A 1 and A 2 , and the values are equal for the current in these two coils is the same. R SY , R RY , R * and R T are the reluctance of 30 degree yoke arc (stator),36 degree yoke arc (rotor), air gap of each phase ( * is the phase name) and stator poles. The magnetic circuit model for the reverse series winding connection is shown in figure 4(a) . When winding is connected in forward series connection, the magnetic circuit model can be shown as figure 4(b). Compared with the air gap reluctance, for the permeability of µ Fe is far larger than µ 0 , reluctance of stator yoke, rotor yoke and stator poles can be neglected in calculation. Based on the above analysis and equation (1), the contrast of the self-inductance in these two connections can be shown in following equation:
where L Forward and L Reverse are the maximum self-inductance in forward series connections and reverse series connections. When rotor position is at the unaligned position, the reluctance R A1 is much bigger than R B1 , and R C1 , R D1 can be neglected, and that means the minimum self-inductance in these two connections are nearly the same. When rotor position is at the aligned position, the reluctance R D1 is much bigger than R B1 , and R C1 , R A1 is the smallest, and that means the ratio of the self-inductance in equation (3) is bigger than 1.
Based the above analysis, it can be seen that the increasing slope rate of the phase inductance in forward series connections is bigger than the one in reverse series connections. From equation (2) and (3), when one phase is excited in constant current, the torque generated in in forward series connections is bigger than the one in reverse series connections.
When the SRM runs in one-phase excitation mode, taking NS mode and NNSS mode as an example to compare the inductance and mutual-inductance in reverse connection and forward connection. The model is established in Maxwell 2D as shown in figure 2, transient analysis is used to obtain the inductance and static torque. When the current of phase A is set to a constant current I A , the torque and self-inductance L A of phase A can be obtained. When the current of phase A and phase B are set to the same current value I A , the selfinductance L AM of phase A can be obtained. The mutual inductance MAB between the two phases can be obtained by using the ratio of the difference between the two inductances and the current. , it can be seen that the SRM is easier to be saturated in NNSS mode, for the self-inductance in NNSS mode is changed when the dc current is larger than 30A, while the current value in NS mode is 40A. Obviously, in figure 5(c) and (d), the mutual inductance in NNSS mode is much smaller than the mutual inductance in NS mode. From figure 5 , when the phase current is 20 ampere, the SRM is unsaturated, while the current is larger than 40 ampere, the SRM will be saturated. In the following sections, the static characteristics of the SRM running with two currents (20 ampere and 40 ampere) will be compared.
As shown in figure 5 , the minimum value of L NNSS and L NS are nearly the same, no matter what the dc current is. The maximum value of L NNSS is larger than L NS , however, these two values are approaching with the increasing of the dc current. When the SRM runs in unsaturated region, the increasing slope rate of the phase inductance in forward series connection is bigger, combined with equation (2), the torque in forward series is higher when one phase is excited, and the comparison of the torque in these two winding connections is shown in figure 5(e) . T NS and T NNSS are the torque in NS mode and NNSS mode, it can be seen that T NNSS is larger than T NS when the dc current in NS and NNSS mode is equal.
IV. COMPARISONS OF STATIC TORQUE A. TWO-PHASE EXCITATION MODE
When the SRM runs in two-phase excitation mode, the arrangements of the poles polarities in different connection modes are shown in table 2. For example, when the windings are connected in NNSS mode, the arrangements VOLUME 7, 2019 of poles polarities in adjacent two phases can be NNSS and NSSN, which are shown in figure 1(d) . When phase A and phase B are excited simultaneously, the polarity of four poles in these two phases is NNSS (A 1 is N, B 1 is N, A 2 is S, B 2 is S), the same to phase C and D, E and F, hence, the number of the poles polarities arrangement NNSS is three.
From Table 2 , it can be seen that the arrangements of poles polarities in different winding connection modes can be four kinds: NSNS, NNSS, NNNN (SSSS), and NSSN. Taking phase A and phase B as an example, in starting stage of a SRM, the motor is operated in CCC mode (current chopper control), the current of phase A and phase B can be assumed equal with constant. Based on the equation (2), the static torque of the SRM can be shown as: where L A , L B are the self-inductance of phase A and phase B, M AB is the mutual inductance between these two phases. When the arrangements of poles polarities are NSSN and NNSS, the winding connections mode is forward series connection, the winding connections mode of the rest arrangements is reverse series connection. Compared poles polarities arrangements NNSS with NSSN, the self-inductance is equal, M AB is negative in NNSS and positive in NSSN, therefore, the static torque in arrangement NNSS is smaller than NSSN as shown in figure 6 . Also, from figure 5, it can be seen that self-inductances in NS mode and NNSS mode are nearly equal when the SRM runs in saturated region, and the mutual inductance in NS mode is too larger than the mutual inductance in NNSS mode. In starting stage of a SRM, the motor is deep saturation, and that means the torque generated by the NSNS arrangement will be larger than the torque generated by the NNSS arrangement. The comparison of the static torque with different poles polarities arrangements in SRMs is shown in figure 6 .
In figure 6 , the static torque generated by the arrangement NSNS is the largest, followed by the arrangement NSSN, the static torque generated by the arrangement NNSS is smaller than the torque generated in arrangement NSNS and NSSN, but it's larger than the torque generated in arrangement NNNN. By the above analysis, in two-excitation mode, the best arrangement of poles polarities for torque output is NSNS, and, the worst poles polarities arrangement is NNNN. From table 2, it can be seen that arrangement of poles polarities in any adjacent two phases is NSNS in NS mode and NNNN in 12N mode. For these reasons, when SRMs run in two-phase excitation mode, the best connection mode for starting torque is NS mode and the worst connection mode is 12N.
B. TWO-PHASE EXCITATION MODE
When the SRM runs in three-phase excitation mode, the combinations of the poles polarities in different winding connection modes are shown in table 3. For example, in NSSN connection mode, when phase A, phase B and phase C are excited simultaneously, the arrangement of poles polarities in these three phases is NSNSNS (A 1 is N, B 1 is S, C 1 is N, A 2 is S, B 2 is N, C 2 is S). When phase B, phase C and phase D are excited simultaneously, the arrangement of poles polarities in these three phases is SNSNSN, although the arrangement is different from NSNSNS, the static characteristics of these two arrangements are the same. When phase E, phase F and phase A are excited simultaneously, the arrangement of poles polarities in these three phases is NNSSSN, when phase F, A and B are excited, the arrangement of poles polarities is NSSSNN, the static characteristics is the same, and that means the number of poles polarities NNSSSN is two, the rest arrangements is NSNSNS, the number is four.
From Table 3 , it can be seen that the arrangements of pole polarity in different winding connection modes can be five kinds: NSNNSN (SNSSNS), NNNNNN (SSSSSS), NNSSSN (SSNNNS), NSNSNS (SNSNSN), and NNNSSS (SSSNNN). In starting stage of a SRM, when it runs in three-phase excitation mode, the current of three phases can be assumed equal. Based on the equation (2), the static torque of the SRM in three-phase excitation mode can be shown as:
Taking arrangements NSNNSN and NNNNNN as an example, the mutual inductance in NSNNSN between each phase is positive, but the value in NNNNNN is negative. From equation (5), it can be seen that the static torque generated by the arrangement NSNNSN will be larger than the torque generated by the arrangement NNNNNN. The comparison of the static torque with different poles polarities arrangements when SRMs run in three-phase excitation mode is shown in figure 7 .
In figure 7 , when the SRM runs in three-phase excitation mode, the static torque generated by the arrangement NSNNSN is the largest, followed by the arrangement NSNSNS and NNSSSN, the static torque generated by the arrangement NNNSSS is smaller than the torque generated in the above three arrangements, but it's larger than the torque generated in arrangement NNNNNN. By the above analysis, the best poles polarities arrangement for torque output is NSNNSN, and, the worst poles polarities arrangement is NNNNNN. From table 2, it can be seen that poles polarities arrangement of any adjacent three phases is NSNNSN in NS mode and NNNNNN in 12N mode. For this reason, when SRMs run in three-phase excitation mode, the best connection mode is NS mode and the worst connection mode is 12N.
V. EXPERIMENTAL VERIFICATION
Experimental prototype and test equipment are shown in figure 8 (a) . The structure of the SRM is 12/10, dividing head is used to fix the position of the motor, when the phase winding is connected to the DC current, the torque value will be displayed on the instrument. The measuring range of the torque sensor is 20Nm and the precision is 0.04Nm, reduction of error by means of average of multiple measurements. The key parameters of the six-phase SRM were listed in table 1.
A. SELF-INDUCTANCE AND MUTUAL INDUCTANCE
From figure 5, when the SRM runs under unsaturated region, the self-inductance under different currents can be assumed as equal. The self-inductance and mutual inductance can be obtained by LCR. The experimental for measuring self-inductance and mutual inductance in SRMs is shown in figure 8(b) . The rotor is held standstill at a position using the indexing head and a disk with position marking is mounted on the shaft of the SRM, the self-inductance of each phase at this degree can be measured by the LCR meter.
When the motor is unsaturated, the model of the mutual inductance and adjacent phase-windings can be regard as an air-core transformer. The principle of the LCR meter is to use the AC power to test the impedance of the circuit loop. Taking phase A and B as an example, when the rotor is held standstill at a position and phase B is open, the impedance can be expressed as:
At the same rotor position, closing the phase B, the equation of the impedance can be expressed as:
The imaginary part of equation (6) and (7) can be used to calculate the self-inductance of phase A by the LCR, and the difference of these two values, frequency of the voltage, phase resistance can be used to calculate the mutual inductance, and the equation can be shown as:
where L SA is the self-inductance of phase A when phase B is opening, L AB is the self-inductance of phase A when phase B is closure, R SB is the resistance of phase B, L SB is the self-inductance of phase B when other phases are turned-off, ω is the frequency of the voltage in LCR meter. In figure 9 , L NNSS is the self-inductance of phase A in NNSS mode and L NS is the self-inductance in NS mode, M NS is the mutual inductance between phase A and phase B in NS mode. The comparison of the self-inductance obtained by experiment and FEA is shown in figure 9 (a) , the mutual inductance calculated from equation (8) and obtained by FEA are shown in figure 9 (b) . The differences between the experimental data and simulation data are caused by the indexing head and end windings, for the index head is manual and end windings is not considered in FEA 2D. However, from figure 9, it can be seen that the results obtained by FEA and experiment are in good agreement, and that means the self-inductance and mutual inductance of the SRM can be obtained by FEA when it runs in saturation region, the results were shown in figure 5 .
B. EXPERIMENT OF TWO-PHASE EXCITATION MODE
When the SRM runs in two-phase excitation mode, the experiment of the static torque with different poles polarities arrangements is shown in figure 10 (a) and (b) , the torque expressed in the dotted line is obtained by the FEA when the poles polarities arrangement is NSNS, the others obtained by the FEA are shown in figure 6 . It can be seen that the result is in agreement with the result obtained by experiment. Based on the static torque obtained by experiment and the combinations of the poles polarities listed in table 2, the resultant torque with different winding connection modes can be calculated as shown in figure 10 (c) and (d) , the comparative data of the resultant torque is shown in table 4.
In table 4 , Tmax, Tmin, Tavg and Trip are the maximum torque, minimum torque, average of the torque and the ripple of the torque, respectively. From table 4 and figure 10, when the SRM runs in unsaturated region, the torque generated by the NS, NSSN and NNSS mode is nearly the same. However, when the SRM runs in saturated region, Tmax, Tmin and Tavg are the biggest when the SRM is connected in NS mode, the torque ripple is the smallest in 12N mode and largest in 3N3S mode. Based on the above analysis, when the SRM runs in two phase excitation mode, NS mode can be regarded as the best winding connection mode, followed by the NSSN mode and NNSS mode.
C. EXPERIMENT OF TWO-PHASE EXCITATION MODE
When the SRM runs in three-phase excitation mode, the experiment of the static torque with different poles VOLUME 7, 2019 polarities arrangements is shown in figure 11 (a) and (b) , the torque expressed in the dotted line is the torque of the poles polarities arrangement NSNSNS which is obtained by the FEA, it can be seen that the result is in agreement with the result obtained by experiment. Based on the static torque obtained by experiment and the combinations of the poles polarities listed in table 2, the resultant torque with different winding connection modes can be calculated as shown in figure 11 (c) and (d) , the comparative data of the resultant torque is shown in table 5.
From table 5 and figure 11 , it can be seen that Tmax, Tmin and Tavg are the biggest when the SRM is connected in NS mode. The torque ripple is the smallest in 12N mode, but also, the torque is the smallest in this mode. Based on the above analysis, NS connection mode can be regarded as the best winding connection when the SRM runs in three phase excitation mode, followed by the NSSN mode and NNSS mod. 
VI. CONCLUSION
In this paper, a comparative study on the static magnetic characteristics of a six-phase SRM with different connection modes has been carried out. To illustrate the difference of self-inductance and mutual inductance, magnetic circuit and ideal linear is used when the SRM runs in unsaturated region, the results of the simulation and experiment are good agree with the analysis results. The excitation mode can be two-phase excitation mode and three-phase excitation mode in six-phase SRM, different arrangements of the poles polarities in different connection modes are listed, and the torque generated in different poles polarities arrangements is simulated and experimented. From the comparisons of the static magnetic characteristics of the experimental SRM, it can be seen that: 1) the mutual inductance in reverse connection is much bigger than the inductance in forward connection, and that means the fault tolerance in NS mode is worse; 2) Torque is compared in two-phase excitation mode and three-phase excitation mode, the starting torque is the biggest in NS mode, followed by NSSN mode and NNSS mode, and the torque is the smallest in 12N mode, though the torque ripple is the smallest in 12N mode, and that means the best winding connection mode for starting stage in six-phase SRMs is NS mode; 3) In the NS mode, the performance of fault tolerance is lower than NSSN and NNSS mode, the future work can be finding a suitable power converter to achieve the changing of the poles polarities in conventional SRM.
